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The equivalent circuit model of a left-handed transmission line is shown in Fig. 1(b) , which is a dual of Fig. 1(a 
Considering the degree of freedom in the composite right/left-handed transmission line design with periodic elements, there are four parameters, namely L L , C L , L R , and C R . When the balanced condition is applied, there are only three independent parameters left. Once two cut-off frequencies and the characteristic impedance Z E (matching to the system impedance Z 0 ) are fixed, a unique CRLH TL configuration is determined 0 0 0 0
Relation between filters and metamaterial transmission line models
The circuit model of a composite right/left-handed transmission line is very close to a high order band-pass filter, as shown in Fig. 3 . The circuit model is a periodic structure, while a band-pass filter is usually not. However, for high order Chebyshev filters, the central part is a periodic structure as well. Are there some relations between circuit models of Chebyshev filters and composite right/left-handed transmission line? We review the standard bandpass filter design procedure and reveal the relation between them.
Fig. 3. Equivalent circuit of a band-pass filter
An N th order band-pass filter in principle has the same LC circuit model. The band-pass filter design is usually achieved from the low-pass to band-pass transformation, in which a low-pass prototype filter is applied. The mapping formulas is
where g i is the i th element value (either the inductance or the capacitance) in a prototype low-pass filter, ω 1 and ω 2 are the lower and higher cut-off frequencies, respectively, and 0 12 ω = ωω is the central frequency of the band-pass filter. Z 0 is the system impedance. Once these parameters are fixed, the band-pass filter is uniquely determined. From Eq. (6), it can be obtained
which means that the balanced condition of a composite right/left-handed transmission line always holds in a band-pass filter design. Since the mapping formula is a generic formula, it may be applied to other kinds of prototype LPF as well. Thus the balanced case of a composite right/left-handed transmission line is automatically realized in band-pass filters from any kind of prototype low-pass filter with series and shunt LC resonators that are built from the mapping formula Eq. (6). Butterworth, Gaussian, or Chebyshev band-pass filters with any pass-band ripple constructed from Eq. (6) will satisfy the balanced condition of a composite right/left-handed transmission line. In most prototype low-pass filters, the element values g i usually vary in a certain range and lead to a non-periodic structure. The central section of a high order Chebyshev filter, however, has a periodic structure and is very close to a CRLH TL. Fig. 4 shows an example of a 21 st order Chebyshev prototype LPF with different pass-band ripples. For elements not close to either end, the element values are periodic. It should be noted that always two adjacent filter elements form one equivalent transmission line cell, thus the central part of a Chebyshev is a periodic structure, independently of the ripple. . Element values of 21st order Chebyshev prototype low-pass filters
As shown in Fig. 4 , the lower the pass-band ripple, the smoother are the element values. In the limiting case, the values of the central elements are close to g i =2. Moreover, the higher the filter order, the better is the approach to a periodic structure. When the element value is 2, Eq. (5) and Eq. (6) are same. Thus, when the Chebyshev band-pass filter and the composite right/left-handed transmission line have the same cut-off frequencies ( 1
) and system impedance Z 0 , they will own the same LC circuit determined by Eq.
(5) and Eq. (6), respectively. This implies that once three parameters (two cut-off frequencies and the matching impedance) are fixed, the corresponding composite right/left-handed transmission line in the balanced case and the central part of the corresponding high order Chebyshev BPF with low pass-band ripple have identical LC configurations. Once two cut-off frequencies and the system impedance are given, a uniform composite right/left-handed transmission line in the balanced case and a high order Chebyshev bandpass filter with low pass-band ripple can be uniquely implemented with LC circuit, respectively. The composite right/left-handed transmission line and the central part of the Chebyshev BPF own the same periodic LC structures. In other words, a uniform composite right/left-handed transmission line in the balanced case can be considered a part of a highorder low-ripple Chebyshev band-pass filter with the same cut-off frequencies and system impedance. Therefore, it has been proved that a composite right/left-handed transmission line -in the balanced case -is identical to the central part of a high-order low pass-band ripple Chebyshev band-pass filter with the same characteristic impedance and cut-off frequencies. 
Implementations of metamaterial transmission lines

Composite right/left-handed transmission line realization
A common metamaterial transmission line is a composite right/left-handed transmission line, which is shown in Fig. 5 . It is a periodic structure, which consists of series capacitors, i.e. interdigital capacitors, and shunt inductors, i.e. short-ended microstrip lines. There are series inductors and shunt capacitors as well due to the parasite effects. The dimension of each unit should be much less than the guided wavelength, e.g. p < λ g /5 . Otherwise, it cannot approach a transmission line from discrete units. The balanced condition can be achieved by adjusting the series and shunt resonators, respectively. The bandwidth of this structure is much limited. The pass-band of upper frequency branch becomes worse due to the self-resonance of the interdigital capacitors. The frequency response of the right-handed region is not as good as the left-handed region. The other drawback is the high insertion loss of the metamaterial transmission line from the interdigital capacitors and the radiation from shunt short-ended microstrip lines. A microstrip directional coupler at 2.45 GHz is sh o w n i n F i g . 6. It i s c o m p o se d o f a composite right/left-handed transmission line (the lower one) and a conventional microstrip transmission line (the upper one). Tight coupling is achieved in this coupler. It is a quasi-zero dB directional coupler, which means all incident power is coupled instead of being transmitted. The structure of the composite right/left-handed transmission line is as in Fig. 5 . At the transition frequency, there is a phenomenon called zeroth order resonance. The metamaterial transmission line share the same phase and the phase velocity goes to zero, which implies the wavelength is infinite. However, the group velocity is not zero and the incident power can be delivered. The composite right/left-handed transmission line has found many successful applications, and extends the performance of conventional microwave components.
Composite right/left-handed transmission lines with lumped elements
Based on the theory of composite right/left-handed transmission line and the LC circuit network, a composite right/left-handed transmission line using surface mounted capacitors and short-ended microstrip lines is available. The interdigital capacitors are replaced by lumped capacitors, e.g. ATC chip capacitors. With chip capacitors, a higher series capacitance is easier to reach, and the metamaterial transmission line is more compact. Moreover, the limitation of self-resonance of interdigital capacitors has been released, and a better frequency response can be achieved. A composite right/left-handed transmission line with lumped capacitors is shown in Fig. 7 . Six chip capacitors and five short-ended microstrip lines comprise a section of metamaterial transmission line.
The substrate of the metamaterial transmission line is F4B-2 with relative dielectric constant 2.65 and thickness 1 mm. Six chip capacitors are ATC600S series with 0603 package. The capacitance of the capacitor at each end is 5.6 pF, and the capacitance of the capacitors in between is 1.8 pF. The dimension of the microstrip line is: l RH = 5.14 mm, w RH = 2.78 mm, l ind = 9.47 mm, and w ind = 1 mm. Fig. 8 . Its bandwidth is from 1 GHz to 5 GHz while the center frequency is at 2.97 GHz, at which there is no phase shifting. When the frequency is between 1 GHz and 2.97 GHz, it works in the left-handed mode ( < 0); when the frequency is between 2.97 GHz and 5 GHz, it works in the right-handed mode ( > 0). This composite right/left-handed transmission line is compact and easy to fabricate, and the insertion loss is less than 1.3 dB, and the return loss is greater than 10 dB. Measurements agree well with simulation results. A broad pass-band is achieved with this metamaterial transmission line. The shortcoming of this metamaterial transmission line is that the performance is strongly dependent on the chip capacitors, which makes the cost higher as well.
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Applications of metamaterial transmission lines
Metamaterial transmission lines have been applied to many fields successfully. They may extend the performance of conventional microwave components due their unique dispersion characteristics. On the other aspect, they may reduce the dimensions of some conventional microwave components greatly. In the fowling, several applications of metamaterial transmission line are presented.
Leaky-wave antenna
The kernel of the leaky-wave antenna is a metamaterial transmission line, which is built by microstrip multilayer structure. It contains two RT/Duroid 5880 substrates with relative dielectric constant ε r =2.2 of thickness 0.254 mm and 1.58 mm, respectively. Microstrip resonators are uniformly and alternatively distributed in the top and the middle layer, as shown in Fig. 9 , to form the equivalent series capacitance and shunt inductance required by the metamaterial transmission line. All microstrip resonators are identical. The unite element is a symmetric microstrip patch with length 16.8mm and width 7.4mm. Those unit elements in dash line, e.g. with number 2 and 4, are located in the middle layer, and those in solid line, e.g. with number 1, 3, and 5, are in the top layer. Therefore, a periodic microstrip structure is applied to approaching the uniform metamaterial transmission line. The series capacitance in the metamaterial transmission line is from the overlapping between two unit elements in the top and the middle layer respectively. The overlapping region between them is 2.2mm, and the distance between them is 3.8mm. The distance between two adjacent elements is much less than the guided wavelength at the operating frequency. When the feeding is in balanced mode, the metamaterial transmission lines work in the odd mode as two parallel transmission lines. The symmetric plane of the metamaterial transmission line becomes a virtual ground due to the symmetry of the whole structure. The series inductance is from the unavoidable parasite effects and the width variation of the microstrip as well. The shunt inductance and capacitance are provided by the vertical branch connected to the virtual ground. situations. The metamaterial transmission line resonator has been simulated by the Sonnet software to obtain resonant frequencies. The simulated results of |S 21 | are shown in Fig. 10 , where the number of unit elements in the metamaterial transmission line is from one to nine with only odd numbers. The resonant frequency of one isolated unit element was 3.42 GHz, which increased to 3.95 GHz when more unit elements were coupled together. The zeorth order resonant frequency was between 3.3 GHz to 4.1 GHz. With the increase of the number of unit elements, the zeroth order resonant frequency approached to around 4 GHz, and fixed there. When there were more unit elements coupled together in the metamaterial transmission line, it was possible to obtain the resonance of the metamaterial transmission line in the lefthanded or right-handed mode with dominant or high order modes. In the left-handed resonance region, the resonant frequency increased with the increase of the number of unit elements, since the guided wavelength increases with the increase of frequency in lefthanded region. At the matched situation, in which the source and load are matched to the characteristic impedance of the metamaterial transmission line with appropriate coupling. All unit elements share the same phase at the zeroth order resonant frequency since the wavelength is infinite. The metamaterial transmission line with 21 unit elements was simulated. At 0 4.08GHz f  the phase difference between any unit elements was zero, as shown in Fig.   11 . It was also worth noticing that: a) the phase difference between any two unit elements became greater when frequency was farther away from f 0 ; b) the phase difference relation reversed (from advanced to delayed or versus) when frequency changed from www.intechopen.com
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The metamaterial transmission line should be fed in a balanced mode with reversed phases. Therefore, a balun is required to feed the metamaterial transmission line by coaxial lines. Since the metamaterial transmission line has a good performance and may tolerance the amplitude and phase variation, the requirement on the balun performance is low. To build a compact balun, we integrated the balun directly to the metamaterial transmission line. The balun is directly integrated into the negative index transmission lines with two attached microstrip stubs which lead to a very compact antenna feeding system. The frequency scanned leaky-wave antenna contains the balun, the metamaterial transmission line, and the matched load, as shown in Fig. 13 . When the metamaterial transmission line is fed by reversed phase microwave signals with equal amplitudes, a virtual ground occurs in the symmetry plane. The advantage of this constellation is that it does not require any vias to build the shunt inductors. Moreover, it has a broader bandwidth and potential applications in higher frequency band compared to the implementation with interdigital capacitors, since the resonance from those interdigital capacitors has been removed. As shown in Fig. 14 , the reflections introduced by each unit element have zero phase shifts at the center frequency and add up coherently at the feeding port, leading to an increased |S 11 | at the central frequency. On the other hand, the ripple of the reflection is obvious. It is caused by the periodic nature of the leaky-wave antenna based on metamaterial transmission lines. The novel leaky-wave antenna is designed on the metamaterial transmission line. The antenna comprises 30 elements, and the total size with the integrated microstrip balun is about 200 mm by 20 mm. Each element contains a pair of inductors and capacitors. The antenna works at C-band from about 3.5 GHz to 5.5 GHz with a return loss smaller than 10 dB. In the operating frequency range, the main beam scanning angle is from -45º to 45º. The antenna gain is higher than 10 dB in this frequency range. All side lobe levels are more than 10 dB below the main beam at all scanning angles. Simulated antenna patterns are shown in Fig. 15 . The operating band is from about 3.3 GHz to 5.7 GHz. The central frequency is 4.15 GHz, at which the reflection is slightly higher. The leaky-wave frequency scanned antenna based on metamaterial transmission lines is composed of two metamaterial transmission lines with a two-layer structure, a balun and a load. It steers main beam from end-fire to back-fire from -40º to 40º with the antenna gain about 10 dB. It is a compact structure due to the integrated balun. It exhibits a good performance at C band from 3.3 GHz to 5.7 GHz. Meanwhile, it can be extended to high frequency band application since it owns no vias.
Balun
The principle structure of the proposed balun is shown in Fig. 16 , in which the dimensions of one unit are presented. Each unit contains a series interdigital capacitor and a narrow shunt microstrip branch. At the dashed line in Fig. 16 , the balun may be divided into two identical symmetric parts, namely the upper part and the lower part. In the example of Fig.  16 , there are five units in either part. When port I and II are fed with opposite phase and identical amplitude, and port III and IV are connected to matched loads, the odd mode will be excited in the symmetric structure. An electric wall is formed in the symmetry plane along the dashed line, forming a virtual ground. A similar metamaterial transmission line structure has been reported in antenna applications. Then, the vertical microstrip branches of length a are equivalent to shunt inductors. The upper part and the lower part become a pair of coupled metamaterial transmission lines. The pass-band of the balun is determined by the metamaterial transmission lines, which is between the cut-off frequencies of the left-handed and righthanded modes. The characteristic impedance of the metamaterial transmission line is equal to Z C . When port I and II are fed with identical amplitude and phase, the even mode will be excited in the balun. A magnetic wall, equivalent to open circuits, is formed in the symmetry plane. In this case, however, the vertical microstrip branches turn from short-ended to openended. The previous pass-band for the odd mode becomes a stop-band. Odd and even mode equivalent circuits and their combination are shown in Fig. 17 (a) , (b), and (c), respectively. In the combined case, port I is the unique input port. Port III and IV are output ports. The odd mode is supported in the pass-band of the metamaterial transmission line, while the even mode sees a stop-band and is suppressed. There is only the odd-mode left in the output resulting in identical amplitude and opposite phase at ports III and IV. Thus, the proposed design works well as a balun, with the unbalanced input at port I and the balanced outputs between ports III and IV.
www.intechopen.com In the proposed balun, the source impedance is required to be half of the load impedance. In applications and measurements, input/output impedances are usually Z 0 . Therefore, the characteristic impedance Z C of the metamaterial transmission line should be either 2Z 0 or Z 0 , and impedance matching circuits have to be involved in either output or input port. A trade-off is to choose the impedance Z C between 2Z 0 and Z 0 , and apply short transition microstrip lines for impedance matching at both input and output ports. When port III and IV are matched, port I and II are isolated against each other. When port I is the input port, port II may be an open circuit. The matching load at port II can be omitted. To keep the structure symmetric, a section of open-ended microstrip line is kept at port II. In the case of mismatched loads are applied at the output ports, a matched load at port II should be used. Moreover, based on the relation between Chebyshev band-pass filters and metamaterial transmission lines, the first and last units of the metamaterial lines are adjusted to achieve better impedance match and wider bandwidth. Following the above steps, we have designed and optimized two baluns from metamaterial transmission lines with five and seven units, shown in Fig. 18 (a) and (b) , namely balun A and B, respectively. The substrate material is RT Duroid 5880 of thickness of 1.57 mm and a relative dielectric constant of ε r = 2.2. All input and output ports are matched to Z 0 = 50 Ω. The baluns were measured using a HP 8510C vector network analyzer. Simulated and measured results have good agreements for both amplitudes and phases, as shown in Fig.  19 . The output amplitude difference is less than 0.7 dB, and either insertion loss is smaller than 5 dB from 1.6 GHz to 4.0 GHz. The return loss is greater than 10 dB. The phase difference between the two output ports is between 178º and 184º (181º ±3º) within the frequency range from 1.5 GHz to 3.6 GHz. The bandwidth of the balun is from about 1.6 GHz to 3.6 GHz, while the output balance is better than 0.7 dB, and the differential phase is 181º ±3º.
Diplexer
A microstrip realization of dual-composite right/left-handed transmission line is shown in Fig. 20 . The parallel LC resonator is composed of a interdigital capacitor (C L ) and a short narrow microstrip line (L R ). The series LC resonator is composed of a small patch (C R ) and a short narrow microstrip line (L L) . LC components are adjusted at both ends to achieve better impedance match and bandwidth. A conventional microstrip line and a dual-composite right/left-handed transmission line parallel to each other to form a directional coupler, as shown in Fig. 21 (a) . The demonstrated D-CRLH transmission line contains twelve unit elements. It is a dual-band directional coupler, which works at both right-handed and left-handed regions. However, the coupling coefficients are much different from each other. When the frequency is below the band-gap, it works in the right-handed mode and a weak coupling is obtained, as shown in Fig. 21 (b) . On the other hand, when the frequency is above the bandgap, it works in the left-handed region and a strong coupling is achieved, as shown in Fig.  21 (c) . The coupling coefficient difference between the left-handed and right-handed modes can be higher than 20 dB in the above design. If the coupling coefficient is nearly 0 dB at the lefthanded mode, it may reach 20 dB at the right-handed mode. Thus, microwave at different frequencies are transmitted to different ports dependent on its modes. The fabricated diplexer is shown in Fig. 22 , which contains a D-CRLH transmission line and a conventional microstrip line. There are twelve unit elements in the D-CRLH transmission line to achieve 0 dB coupling in the left-handed mode. The diplexer is fabricated on FB4-2 substrate with dielectric constant of 2.65 and thickness of 1 mm. The thickness of copper foils of both sides is 0.017 mm. The dimension of the diplexer is about 65 mm by 25 mm. All spacings and finger widths of interdigital capacitors are 0.2 mm, and the length of each interdigital capacitor is 3.27 mm. The inductor LR is formed by short microstrip lines with width 0.4 mm. The capacitor CR is a rectangle patch with dimension 3.4 mm by 3.4 mm. The inductor LL is formed by microstrip line with width of 0.4 mm and length of 0.8 mm. The distance between the conventional and the D-CRLH transmission lines is 0.15 mm.
Port 1 to port 4 are the input port, the transmitted port, the coupled port, and the isolated port, respectively. Measurements have been performed by Agilent E8362B vector microwave network analyzer. The measured results are shown in Fig. 23 with solid lines. Simulations have been performed by Zeland IE3D, and are shown in Fig. 23 with dashed lines. Simulated results agree well with measured results. The transmission characteristic of the diplexer is shown in Fig. 23(a) . When the frequency is below 3.7 GHz, microwave is delivered to port 2 with an insertion loss less than 1 dB. Due to the parasitic effects of interdigital capacitors, there is a upper frequency limitation for the D-CRLH transmission line. In the proposed design, it is about 7.6 GHz. Thus, when the frequency is from 6.8 GHz to 7.6 GHz, microwave is transferred to port 3 with an insertion loss less than 1.7 dB. The rejection band of the diplexer is from about 4.4 GHz to 6.6 GHz as shown in Fig. 23(b) . The isolation between port 2 and port 3 is higher than 20 dB in lower frequency band, and greater than 35 dB in higher frequency band. A quite high isolation is achieved over a wide frequency band, e.g. from DC up to 3.7 GHz. The proposed power divider was measured using an Agilent N5230A vector network analyzer. The measured S-parameters of the design are illustrated in Fig. 27 (a) . It can be seen the performance of the power divider is excellent. From 0.85 GHz to 4.3 GHz, |S 11 | is below -15 dB, the isolation is higher than 15 dB, and the insertion loss is less than 1 dB. Fig.  27 (b) shows the amplitude balance is below 0.3 dB between output ports, and the phase balance is less than 3. The bandwidth of the D-CRLH TL power divider is about five octaves. Thus, an ultra wide band is realized. The simulated S-parameters of the design are illustrated in Fig. 28 , which agree well with the measured results. Usually the bandwidth of a conventional Wilkinson power divider is about 20%. The insertion loss is less than power dividers based on CRLH transmission lines. The size of the proposed D-CRLH power divider is only about 70%. Thus, it is compact power divider with broadband width. The novel 3 dB power divider based on dual-composite right/left handed transmission line has the feature of compact size, wide band, low insertion loss, high isolation, and good amplitude and phase balance. It can be applied to microwave signal separation, array antenna feed and so on. Another scheme of power divider is to use the zeroth order resonance of a metamaterial transmission line. All output ports are in phase at the transition frequency. Due to the intrinsic parallel connection (the wavelength is infinite at the resonant frequency) in the power divider, the number of output ports is limited. Multi-port power dividers based on metamaterial transmission lines are available as well. Based on the zeroth order resonance, the metamaterial transmission line shares the same phase at the transition frequency. Thus, an N-port power divider can be easily built, as shown in Fig. 29 (a) and (b) . A metamaterial transmission line using ten series chip capacitors is used. The drawback of this power divider is the output impedance at each port is N times Z 0 . A λ g /4 impedance matching has to be applied. It limits the number of output ports. Meanwhile, the bandwidth of this power divider is much limited due to the zeroth order resonance. Fig. 31 . Each unused conventional microstrip line end is connected with one match load. We assume that the coupling coefficients of those ideal couplers are C1, C2 and C3, respectively. The feeding power at port 1 is P1, and the output powers are P2, P3, P4, and P5 at the respective ports. When the reflection at port 1 and the insertion loss of the CRLH TL are neglected, the output powers are obtained as 
Power divider
With careful design (choosing right coupler coefficients C1 to C3), the desired power division among port 2 to port 3 can be satisfied. Fig. 30 . Scheme of the proposed CRLH coupler. It is a 1:4 power divider, which contains one metamaterial transmission line and three conventional microstrip lines. Port 1 is input ports.
At the transition frequency of metamaterial transmission lines, there is no phase difference among their unit cells. Then, the outputs of a metamaterial coupler are in phase as well, since they have the same phase shift to the feeding port. Therefore, no phase adjusting is required in a metamaterial coupler based on the zeroth order resonance. The distance between the metamaterial transmission line and the coupling conventional microstrip transmission line is 0.15 mm. The layout of the proposed power divider based on metamaterial couplers is shown in Fig. 31 (a) . The fabricated metamaterial power divider is shown in Fig. 31 (b) . The substrate is F4B-2 with ε r = 2.65 and thickness of 1 mm. The unequal power division between port 2, port 3, port 4, and port 5 is designed to 4:2:1:1, in which the transmission from port 1 to those corresponding ports are -3 dB, -6 dB, -9 dB and -9 dB, respectively. The lengths of the coupling conventional microstrip transmission lines are adjusted to realize the desired unequal power division. The simulated amplitude response is shown in Fig. 32 (a) . At the transition frequency f 0 = 2.4 GHz, those transmitted amplitudes among output ports are -4.2 dB, -6.9 dB, -9.8 dB and -
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Advanced Microwave and Millimeter Wave Technologies: Semiconductor Devices, Circuits and Systems 272 9.8 dB. The reflection of port 1 at f 0 is -28 dB. The insertion loss is about 1.2 dB. For amplitude consideration, the reasonable bandwidth is about 500 MHz around the transition frequency. The problem is the coupled power at port 3 drops obviously when frequency is away from the transition frequency. A better bandwidth can be obtained with extra efforts to optimize the first coupler. The phase shifts between output ports are shown in Fig. 31 (b) . At transition frequency f0, all output ports share the same phase. Due to the dispersion characteristic of a CRLH TL, the bandwidth of 10 is much narrower than the amplitude bandwidth. There is a phase difference of about 90 caused by the coupler. The microstrip TLs at port 3, port 4 and port 5 are extended to compensate the phase shift. Transmissions between output ports are shown in Fig. 31 (c) . The isolations between output ports are higher than 20 dB, as shown in Fig. 31 (c) . Experimental results agree with the simulations well. A novel unequal power divider based on the zeroth order resonance of a metamaterial transmission line is discussed. It is a miniaturized design along the longitudinal direction. The power divider can be easily extended to an arbitrary number of output ports. Not only even numbers but also odd numbers of output ports are suitable for the proposed power divider. Thus, the proposed power divider is a practical design. Both equal and unequal power division are possible for the power divider. In further study, equal power divider will be considered and designed. Since the power divider is very compact along the longitudinal direction, it is suitable to realize an antenna feeding network. With desired unequal power division, an antenna array fed with the power divider may get arbitrary power supply. The insertion loss of the metamaterial transmission at zeroth order resonance frequency is a little high. To reduce the insertion loss will make the new metamaterial power divider more reliable.
Conclusion
Metamaterial transmission lines are one-dimension structures. Their performances can be roughly analyzed by the circuit models, and the relation between them and band-pass filters is discussed as well. There are many applications of metamaterial transmission lines due to their excellent performance. Some typical applications, such as leaky-wave antenna, baluns, diplexers and power dividers are presented. Metamaterial transmission lines will find more and more applications of microwave components in future. 
